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ABSTRACT 
The goal of this research was to design, implement, and evaluate several retrofit 
solutions for sealed pervious concrete. Properly functioning pervious concrete pavements 
allow water to drain through the structure, eliminating the need for traditional drainage 
infrastructure. A recent study of South Carolina porous pavements (Putman 2010) 
revealed that some pervious concrete pavements are not properly draining, either because 
of sealing at the surface. Sealed pavements are generally a result of construction 
processes, and sealed pavements cannot be fixed with sediment removal techniques such 
as vacuuming and pressure washing. This study investigates a technique to increase 
infiltration of sealed pervious concrete by cutting through the sealed layers and allowing 
water to drain into the void structure of the entire pavement. 
Overall, a total of five retrofit techniques, with 29 unique iterations were 
evaluated. Iterations included partial depth core cuts ranging from breakthrough depth, 
the depth of the sealed layer of concrete, to two inches below the breakthrough point. 
Retrofit techniques also included the complete removal of a core, replacing it with 
washed No. 89 stone and filter fabric to prevent clogging. Linear cut techniques consisted 
of partial depth cuts, which penetrated the breakthrough layer in various depths and 
quantities. Infiltration of retrofits was tested using ASTM C 1710 and a box infiltration 
testing method developed specifically for this project. Cores removed from the retrofits 
and other locations around the property were tested for porosity, visually inspected for 
sealing, and then sliced into one inch sections to determine the vertical porosity profile. 
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Results showed that the techniques were effective at increasing the overall 
permeability of the pavement. The most effective retrofit techniques were 6-in core cuts 
at depths 2-in past breakthrough, increasing local infiltration up to 800 in/hour. Visual 
inspection and vertical porosity distribution testing confirmed surface sealing, with the 
average porosity of the top inch significantly lower than porosities at other depths. 
Sealing was attributed to construction practices and was confirmed as the main distress 
identified at the location tested.  A method was developed to plan retrofit solutions for 
large areas, either using the linear cut techniques or a core retrofit technique. The 
recommended depth of any cut retrofit was determined to be 2-in past breakthrough.  
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CHAPTER ONE  
INTRODUCTION 
 
Porous pavement is a technology that has been developed to improve stormwater 
management and roadway safety. It is designed with an open graded aggregate structure, 
resulting in a high interconnected air void content that allows water to penetrate through 
the pavement (Kline 2010). Pervious concrete is one type of porous pavement, and a 
typical pervious concrete system is shown in Figure  1.1. Water enters the pavement 
structure through the voids in the concrete, and drains down into an open graded stone 
base, where it is stored until it can either be drained into the subgrade or piped to an 
alternate location. Additionally, a geotextile filter fabric is often used to separate the 
subgrade from the stone reservoir layer. 
 
Figure  1.1: Typical Pervious Concrete Pavement 
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Pervious concrete is an alternative to conventional pavements, particularly in low 
volume and parking applications. Pervious concrete pavement allows water to drain from 
the surface and infiltrate into the groundwater, allowing for additional paved surfaces 
without increasing the demand on the local stormwater management system. When 
compared to paving alternatives, the benefits of pervious concrete make it a sustainable 
solution (Henderson and Tighe 2011).  
Many municipalities have mandated stormwater best management practices 
(BMPs) on new construction, resulting in an increase in the use of porous pavements in 
new construction (Putman 2010). However, in some cases, these pavements do not 
perform as well as intended. The main performance issues with pervious concrete 
pavements are raveling of the surface, clogging of the surface voids, and surface sealing 
due to poor construction practices. Standing water and uncontrolled discharge resulting 
from clogged and sealed pavements can cause damage to adjacent property, or become a 
breeding ground for mosquitoes, which spread diseases such as malaria, yellow fever and 
the West Nile virus. Figure  1.2 shows property damage from uncontrolled discharge, 
exposing the roots of landscaping. 
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Figure  1.2: Severe Erosion Caused by Uncontrolled Runoff 
 
There is a lack of information in the area of pervious concrete maintenance, and 
many pavements have not had any maintenance to maintain functionality since the 
completion of construction (Kevern 2010). Most pervious concrete maintenance consists 
of using a combination of high pressure water to loosen debris, and a vacuum to remove 
debris. Pressure washing pervious concrete pavements without an adequate vacuum or 
runoff channel can leave the dirty water sitting on the pavement, reclogging the surface 
voids almost immediately. An extreme example is shown in Figure  1.3. While routine 
maintenance can prevent serious clogging, none of the current maintenance techniques 
can be used to retrofit concrete that was not pervious immediately after construction. This 
thesis attempts to address this gap in knowledge.  
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Figure  1.3: Extreme Sediment Buildup on Pervious Concrete 
Problem Statement and Research Significance 
Based on the literature review conducted (Chapter Two), it was realized that 
previous research done on the rehabilitation of pervious concrete pavements has focused 
primarily on clogging, and how to restore infiltration by removing deposited sediment 
from within the pervious concrete void structure. However, it has been found that not all 
porous pavements (including pervious concrete) are porous to begin with (Putman 2010). 
Porous pavements can be rendered impervious as a result of poor construction methods, 
particularly when the porous mix is over-consolidated. In pervious concrete pavements, 
over-consolidation occurs as the result of rolling the fresh concrete with too heavy a 
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roller or too many passes of the roller. It can also occur when the mixture is vibrated or 
overworked, causing cement paste to come to the surface of the mix.  
When conducting initial field surveys of pervious concrete pavements, it was 
found that the process of cutting a core made an impervious surface pervious, even when 
the core drill had only descended one or two inches into the pavement (Putman 2010). 
This introduced the possibility that the pervious concrete structure was indeed pervious, 
and only the top 1-2 inches had been sealed with cement paste. Figure  1.4 shows a core 
sample that is sealed only at the surface. Therefore, the main objective of this study was 
to investigate whether or not these impervious-pervious concretes could be rehabilitated 
to enable stormwater to drain through the pavement surface and gain access to the 
reservoir course beneath the surface as originally designed. The results of this study 
would lead to a better understanding of how to rehabilitate pervious concrete pavements, 
and allow for better management of pervious concrete systems. 
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Figure  1.4: Pervious Concrete Core with Surface Sealing 
Research Objectives 
Pervious concrete can be used in many applications to help reduce stormwater 
impacts and increase safety, but if these pavements are not functioning as intended, they 
can be a liability to their owners who paid a premium to have pervious concrete 
pavements installed. The main objective in this research was to implement and compare 
various retrofit techniques for a sealed pervious concrete pavement. To accomplish this 
objective, the following tasks were necessary: 
Pavement 
Surface 
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 Collect information regarding pervious concrete use and rehabilitation. 
This involved an extensive review of the published literature. 
 Conduct a preliminary pavement evaluation to identify candidate 
pavements in need of retrofit. This evaluation was to identify the 
construction history of the pavement, measure infiltration rates, and 
determine the cause of poor infiltration rates. 
 Design, implement, and evaluate several retrofit solutions. 
 Provide recommendations for pervious concrete retrofit as well as 
potential future research. 
Site Selection 
The site selected was an apartment complex near the South Carolina coast. The 
site has asphalt parking closest to the buildings and an asphalt drive lane. The perimeter 
parking areas are pervious concrete (25,212 ft
2
 total) that is approximately 6-in thick over 
a 6-in base of washed No. 57 stone on top of sandy subgrade. The pervious concrete was 
placed in July 2007 to meet the requirements of the city.  
The site was initially identified as part of an inventory of porous pavements in 
South Carolina, a project that culminated with the conclusion that this particular pervious 
concrete failed to meet the design stormwater requirements. Specifically, the majority of 
the pervious concrete was impermeable, due to sealing. Clogging was also a major cause 
of impermeability in the pavement. A large amount of material washes down from 
landscaped areas, causing the sediment buildup shown in Figure  1.5.  
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Figure  1.5: Sediment Buildup at Pervious Concrete Site 
 
After rain events at this location, there is a substantial amount of standing water 
on the pervious concrete parking spaces around the perimeter of the complex, which 
impacts the residents.. As part of the initial survey, 15 locations were selected and tested 
for infiltration, and it was found that 14 of these locations did not drain at all. The one 
location that did drain allowed only 4 in/hour of infiltration, inadequate to handle the 
stormwater needs of the property. In addition to standing water, there were several 
locations where the water would spill out of the parking lot, causing severe erosion and 
drainage onto an adjacent apartment complex. The standing water can be so severe that 
residents actually remove their socks and shoes before walking to their car, or would 
simply not park in these spaces. Standing water can remain on the pervious concrete for 
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up to two weeks, enough time for mosquitoes to breed, hatch, and metamorphise into 
adults (AMCA 2011). A photograph of Bay 16 taken after a rain event is shown in Figure 
 1.6. 
 
Figure  1.6: Standing Water in Bay 16 
 
In an attempt to identify the problems at this location, a core sample was taken in 
one of the parking bays. When taking the core sample, it was found that the water from 
the core drill initially remained on the surface of the concrete. Once the drill bit had cut 
approximately two inches into the pavement, the water began to drain through the 
pavement as designed. Visual inspection of the core sample, later confirmed by 
laboratory porosity testing, determined that the root cause of the lack of the permeability 
was a sealed surface, underneath which the pavement functioned as designed.  
The management at this site tried to rehabilitate the pavement by hiring a 
contractor to pressure wash a section of it. While this technique works on pervious 
concrete pavements that are clogged, it failed to significantly change the permeability of 
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the pressure washed area. Infiltration testing on the pressure washed section confirmed 
this, with two of four sections not draining at all, and the other two sections draining 
inadequately, at only 4 in/hour. Because the water from the pressure washer had nowhere 
to drain, the water was allowed to sit on another section of pervious concrete, causing 
further clogging and sediment buildup.  
The site was selected because it represented a severely failed pervious concrete, 
had a large area of pervious concrete, and because of the willingness of the management 
to work with the research team. The site is shown in Figure  1.7, and clogged sections are 
clearly visible in the satellite photograph. 
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Figure  1.7: Aerial Photo of Test Location 
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Organization of Thesis 
This thesis is divided into five chapters. Chapter One is the introduction and 
provides background on pervious concrete pavements, as well as a problem statement and 
the research objectives. The second chapter consists of a comprehensive literature review 
focusing on the nature of pervious concrete, functional deficiencies of pervious concrete 
pavements and causes, and what has been done to rehabilitate them so they are functional 
again. The third chapter is a detailed description of the experimental procedures used 
throughout this research. The fourth chapter includes a discussion of the results of the 
research. The fifth chapter provides a summary of the research and presents the 
conclusions and recommendations for future research. 
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CHAPTER TWO  
LITERATURE REVIEW 
System Definition  
Pervious concrete has been utilized in temperate areas of the United States since 
the 1970s, and around the world since the 1800‟s (Kevern et al. 2009). Pervious concrete 
is a concrete mixture comprised of cement, water, uniformly graded coarse aggregate, 
and other additives. Little or no sand is used in the mix, which creates voids in the pore 
structure, allowing water and air to pass through the concrete.  After placement, pervious 
concrete has a textured surface, increasing the friction between pavement and tires, and 
increasing overall road safety. The compressive, tensile, and flexural strengths of these 
pervious concrete mixtures tend to be lower than conventional concrete due to the high 
void ratio and lack of fine aggregate (Putman and Neptune 2011). Properly placed 
pervious concrete pavements can achieve strengths in excess of 3000 psi, which is more 
than adequate in most low volume and parking pavement applications (Tennis et al. 
2004). Across the nation, pervious concrete pavements are gaining popularity in 
stormwater management systems (Bury et al. 2006). The main goal of stormwater 
management is to maintain predevelopment conditions on newly developed sites 
(Lindsey et al. 1992). The high permeability and potential for reducing runoff has led the 
EPA to define pervious concrete as a stormwater Best Management Practice (BMP) (EPA 
2008). 
The major benefit of pervious concrete is its hydrological properties. A pervious 
concrete pavement and its subbase may provide enough water storage capacity to 
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eliminate the need for ponds, swales, and other precipitation runoff containment 
strategies. The high flow rate of water through a pervious concrete pavement allows 
rainfall to be captured and to percolate into the ground. Thus reducing stormwater runoff, 
recharging groundwater, supporting sustainable construction while providing a 
development solution in environmentally sensitive areas and helping owners comply with 
local and federal stormwater regulations (Tennis et al. 2004). Benefits of pervious 
concrete also include reduced treatment volume and reduced impervious area. Reduced 
runoff volume is a reduction in the amount of water that a property discharges onto 
adjacent properties or bodies of water, and the reduction minimizes the need for 
downstream water management facilities. Reduced treatment volume is a reduction in the 
amount of water that needs to be treated by a water treatment facility, and reduces strain 
on the current system and the need for new water treatment facilities. Many 
municipalities limit the amount of impervious area allowed on a given project site. The 
reduced amount of impervious facilities allow for further development of the site within 
the municipal guidelines and the capability of the environment to support the site (ACI 
2010).   
Using pervious concrete as a stormwater management method works to decrease 
the negative effects of land use, by reducing the surface water and promoting infiltration 
(Wanielista et al. 2007). Pervious concrete serves to mitigate the urban heat island effect, 
quickly dissipating heat after sunset due to the large amount of surface area. In addition 
to decreasing the volume of runoff, pervious concrete has some general filtration 
properties, reducing the impurities caused by automobiles and other sources and 
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enhancing the quality of stormwater (Kevern et al. 2005). Because the stormwater is 
allowed to enter the groundwater and recharge the aquifer, pervious concrete reduces the 
overall impact that human development has on the existing ecosystem.  
Purpose of Porous Pavements 
When natural areas are developed, pervious surfaces and vegetation are replaced 
with impervious materials such as pavements and structures. With the addition of these 
impervious surfaces, it becomes necessary to control and distribute runoff. Traditional 
runoff systems generally consist of quickly routing the water to an underground pipe, 
where the water is released onto an adjacent property, body of water, or processed by a 
water treatment plant. These runoff systems increase the quantity of water that enters 
rivers and streams, resulting in erosion of the banks, sedimentation, flooding, and the 
introduction of pollutants into the natural ecosystem (Neptune 2008). A recent case study 
in Aiken, SC documented the severe negative effects that uncontrolled runoff can have on 
both the ecosystem and human development. The case study highlighted a 70 foot deep 
unstable canyon in Sand River, shown in Figure  1.2, formed by the uncontrolled 
discharge of stormwater from downtown Aiken (Eidson et al. 2010). Impervious runoff 
systems also prevent rainwater from draining into the soil and recharging the 
groundwater, which is an essential process to healthy ecosystems (Bury et al. 2006). By 
declaring porous pavement a stormwater BMP, the EPA hopes to incorporate it into green 
infrastructure and low impact development programs. 
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Figure  2.1: Severe Erosion at Sand River 
Benefits 
In addition to stormwater management, pervious concrete has been found to have 
a number of other sustainable benefits.  Because of the interconnected pores, pervious 
concrete performs the role of a filter, by degrading and trapping contaminants on and 
within the pervious concrete structure (Kevern et al. 2005). By capturing the first flush of 
rainfall and allowing it to percolate into the ground, the soil biology is allowed to “treat” 
the water naturally, reducing the need for stormwater retention and treatment areas 
(Tennis et al. 2004). The contaminants can be allowed to break down naturally within the 
pervious concrete structure, or can be cleaned out by vacuuming or pressure washing the 
pavement (Kevern 2010). Conventional pavements tend to capture heat during the day, 
and a rain event can release the heat into the runoff water, where the temperature increase 
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can have a negative effect on the body of water into which the runoff is released. Because 
pervious concrete captures and stores this water, enough time is available to allow the 
water to cool before it is released into the ecosystem. The infiltration of the water directly 
into the pavement also prevents the water from heating up as it flows over hot pavements 
(Mata 2009). 
Another major benefit of pervious concrete is the direct safety benefit by 
eliminating ponding, spraying, and risk of hydroplaning on driving surfaces. Rainwater 
can be removed from the pavement immediately because it does not have to travel 
laterally to exit the pavement surface. The textured surface also improves safety with 
increased skid resistance in both wet and dry environments. Pervious concrete tends to be 
a very quiet pavement. Due to the presence of a large volume of interconnected pores, 
pervious concrete is highly effective in acoustic absorption. The material can be 
employed as a means to reduce noise generated by tire pavement interaction. Noise 
reduction occurs from a combination of reduced noise generation and increased sound 
absorption (ACI 2010). The porous surface minimizes air pumping, reducing the noise 
generation from tire pavement interaction. The pores inside the material also absorb 
sound energy through internal friction (Neithalath et al. 2006). 
Figure  2.2shows a parking lot where stormwater from traditional concrete drains 
onto pervious concrete. Parking lots, tennis courts, greenhouses, and traditional 
pavements can drain onto porous pavements (Tennis et al. 2004). Some parking lots are 
designed with impervious drive lanes to handle traffic flow, and pervious concrete in the 
parking spaces to capture the runoff from these drive lanes. The pervious concrete has the 
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advantage of providing stormwater detention within the parking space area (Mata 2009). 
By incorporating permeable surfaces into traditional structures, it can reduce both the 
impact of existing pavements and structures while minimizing the impact of new 
development. 
 
Figure  2.2: Pervious Concrete and Traditional Concrete Parking Lot 
 
Because of its benefits in minimizing stormwater runoff and enhancing pollution 
prevention, pervious concrete has the potential to earn a credit point in the U. S. Green 
Building Council‟s Leadership in Energy & Environmental Design (LEED) Green 
Building Rating System (Sustainable Sites Credit 6.1), recycled content (Materials and 
Resources Credit 4), and regional materials (Materials and Resources Credit 5) (Ashley 
2008).  
Because of its light color, pervious concrete absorbs less heat during the day, 
reducing the heat buildup in cities known as the urban heat island effect. Though the 
Conventional 
Concrete 
Pervious 
Concrete 
Conventional 
Concrete 
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surface temperature of pervious concrete tends to be hotter because of its uneven surface, 
voids below the surface act as an insulating mechanism and decrease heat transfer to the 
subsurface (Haselbach 2009). The open gradation is also ideal for growing and protecting 
trees in a pavement environment, allowing the trees to receive more water and air while 
still allowing for the full use of the pavement (Tennis et al. 2004).  
In colder climates, pervious concrete tends to be better protected against the 
freeze-thaw cycle than traditional pavements. Air in the aggregate base underneath the 
concrete can act as an insulation layer that delays the formation of the frost layer while 
maintaining permeability. Even after the air temperature drops below freezing, the 
pervious concrete is warm enough to allow water to penetrate and enter the storage layer. 
Pervious concrete also thaws considerably faster than a traditional system, as the open air 
voids allow warm air to penetrate and thaw the pavement (Kevern et al. 2009). 
Issues and Distresses 
Raveling is the most common surface defect in pervious concrete, and can be 
minimized by using a good concrete mixture, an experienced contractor, and proper 
curing (Kevern 2010). Raveling is a surface distress identified by coarse aggregate 
particles becoming disconnected from the mix, leaving loose gravel on the surface of the 
pavement. An example of severe raveling is shown in Figure  2.3. In a recent field study 
in South Carolina, seven of ten pavements investigated showed evidence of raveling, 
typically isolated to individual slabs where mix properties might have varied (Putman 
2010).  
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Figure  2.3 Severe Raveling in a Pervious Concrete Pavement 
 
Like all pavements, there is some concern for freeze-thaw cycles in pervious 
concrete. If water is allowed to freeze inside of a pervious concrete, expansion will cause 
the concrete to crack, causing an increase in structural distresses. If an adequate stone 
base is installed beneath the concrete layer, then water can expand into the voids in the 
stone base, protecting the concrete from durability issues.  
The major disadvantage of pervious concrete is the low strength. While 
admixtures and specific gradations can be used to increase the strength of the paving 
system, pervious concrete still has a considerably lower strength than traditional concrete 
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(Bury et al. 2006). This limits use to low traffic areas, generally parking lots and 
neighborhood roads (ACI 2010). Special care must be taken not to drive heavy equipment 
or trucks on pervious concrete, as the increased load can lead to premature failure.  
It is important to realize that pervious concrete pavements have to be designed 
and constructed properly. The goal of compaction in pervious concrete placement is to 
seat the aggregate and enhance the bond between aggregates, but excessive compaction 
can cause the voids to collapse and reduce the porosity.  After placement, the infiltration 
rate of pervious concrete tends to be highly variable. The lack of fine aggregates in the 
concrete creates a harsh mix, which can cause problems on the jobsite and challenges in 
placement. The open void structure can result in a rapid moisture loss, which causes a 
quick stiffening of the material and a shortened placement window (Bury et al. 2006).  
Variability in the mix, particularly the cement paste content, can affect the 
infiltration by changing the void content and distribution. Mix delivery timing can dry out 
the concrete, significantly changing the finished product. Because there is a lack of 
standardized construction practices, the in-place properties of concrete can vary between 
contractors and their placement methods. The low water to cement ratio and harshness of 
the mix can extend the time needed to remove the mix from the truck and place it 
correctly. Weather during placement, from both moisture and ambient temperature, can 
also have an effect (Putman and Neptune 2011). However, if these variations are 
adequately controlled, localized areas of low infiltration do not create a significant 
problem, as stormwater can drain onto areas of high infiltration. The underlying stone 
bed beneath these low infiltration areas can still be used to store water. 
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While there are numerous benefits to a functioning pervious concrete pavement, 
there have been many instances and claims where a „pervious concrete‟ is not truly 
pervious, and therefore functions as a traditional pavement (Bury et al. 2006). Pervious 
concrete is a new material, and many contractors and ready mix plants lack the expertise 
necessary to produce and place it properly. There are contractor certifications to help 
educate contractors about proper placement of pervious concrete, but many owners do 
not require the certification or do not want to pay the premium associated with an 
experienced contractor. Mixture proportions for pervious concretes are generally less 
forgiving than traditional concrete mixtures, and tight controls are required to provide the 
required characteristics (Tennis et al. 2004). Due to a lack of standardized specifications, 
many localities neither require nor maintain these regulations, leading to ineffective 
pervious surfaces.  
Sealing 
Pervious concrete placement is different from conventional concrete, and 
appropriate construction techniques are necessary to maintain quality. Pervious concrete 
is usually compacted with a roller screed. The use of bullfloats, darbies, trowels, and 
other instruments tend to seal the surface, reducing the overall permeability of the 
pavement (Tennis et al. 2004). Figure  2.4 shows a concrete surface that was overworked 
and sealed with bullfloats, and Figure  2.5 shows a pervious concrete that has been 
compacted using darbies and hand trowels. Joints can be formed either during placement 
while the concrete is still plastic or using conventional sawing equipment after setting, 
but sawed joints tend to cause raveling problems (Tennis et al. 2004). Observations of 
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maintenance conditions indicate that little attention is paid to porous pavements after 
construction (Lindsey et al. 1992).  
 
Figure  2.4: Sealed Surface due to Bullfloats 
 
 
Figure  2.5: Sealed Surface due to Darbies 
 
 
Sealed 
Surface 
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It has been found that the overall infiltration rate of porous systems declines over 
time, the total amount of sediment clogging a pavement increases with the total amount 
of runoff received (Poelsma et al. 2010). If stormwater is unable to drain through the 
pervious concrete layer at the design rate, it is no longer sufficiently pervious, the design 
benefit assumptions are no longer valid, and the pavement has failed (ACI 2010) . Low 
permeability of clogged porous pavements has called into question the sustainability of 
porous pavements (Lindsey et al. 1992) . To maintain porous pavements as a stormwater 
BMP, they must be maintained on a regular basis, and their effectiveness must be 
evaluated. Currently, maintenance of pervious concrete consists of removing the 
accumulated debris, either by pressure washing or vacuuming (ACI 2010). The most 
effective technique has been to combine power vacuuming and pressure washing. 
Brooming the surface has been known to immediately restore over 50% of the 
permeability of a clogged pavement (ACI 2010).  
Permeable pavements are filters, and as more particles are trapped the overall 
flow rate through the filter is reduced. Filtration is an essential part of a porous pavement, 
as unfiltered pollutants can endanger soil and groundwater (Dierkes et al. 2002). 
However, clogging occurs when the amount of sediment in a porous pavement has a 
negative effect on the infiltration rate of the system. Sediment buildup is typically more 
prominent near the surface of the porous pavement (Poelsma et al. 2010). The rate of 
clogging of a filter is based on initial permeability and pore size, type and amount of 
material to be filtered, and flow rate of the fluid carrying the material. Clogging can 
occur during the construction phase when soil is allowed to wash onto the pavement 
  25 
 
(Kevern 2010), as well as throughout the service life of the pavement. It has been 
observed that the permeability of typical pervious concrete pavements can be maintained 
with semi-annual cleaning.  
Problems with Pervious Concrete Pavements 
One criticism of pervious concrete is its ability to withstand heavy traffic loads, 
because the voids in the pervious structure detract from the strength. Using small sized 
aggregate can enhance the strength of the pavement, and using silica fume and 
superplasticizer can enhance the strength of the concrete greatly. However, 
superplasticizer can have a negative effect on water penetration due to the polymer filling 
property (Yang and Jiang 2003).  
An inadequate subgrade can cause water to pool in the reservoir layer, and 
accumulate over a period of several rain events. The subgrade should be tested to ensure 
that it has adequate support and permeability (or infiltration) as per the pavement design. 
For small projects, these tests may not be necessary, especially if the designer has 
previous experience with similar local soils (ACI 2010). Normal test procedures for 
subgrade density should be performed in accordance with published standards, but care 
should be taken not to over compact the subgrade and reduce permeability.  
Typical quality control inspection and testing is needed to ensure adequate 
density, subgrade support value, and permeability. While testing of both the fresh and 
hardened properties of the mixture is recommended, not all traditional tests are 
appropriate for pervious concrete (ACI 2010). Because pervious concrete is a new 
technology, there are not many quality control or quality assurance measures that can be 
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taken to monitor placement. Specifically, there are a number of pervious concrete 
pavements that fail by raveling (Putman 2010), but there is currently no design or quality 
control test method to quantify raveling susceptibility. Pervious concrete pavements also 
fail due to clogging, and there is no quantified measure for clogging potential, or even a 
standard method for quantifying surface clogging.  
When placing the pervious concrete, producers have reported difficulties in 
discharging the mix from the truck, a short working window, and a labor intensive effort 
in placing and compacting pervious concrete (Bury et al. 2006). As a result, there are 
general inconsistencies in both the level of compaction and the amount of hand working 
necessary to achieve the desired finish. Pervious concrete can either be highly compacted, 
using a paving machine or roller, or lightly compacted using a light-weight hand roller.  
Often, the lower layers of the concrete are not compacted, and the surface of the pervious 
concrete is heavily compacted and overworked. This overcompaction and overworking of 
the top layer can lead to a sealing of the concrete. 
Problems with Impervious-Pervious Pavements 
Much of the research in this area has been directed at unclogging clogged 
pavements, but not necessarily pavements that were sealed during the construction phase. 
Many applications of pervious concrete have received no maintenance, regardless of how 
they were performing. When maintenance is applied, it has been found that pressure 
washing dislodges sediment particles, which are washed either offsite or down into the 
pavement structure. While this method can be effective, care should be taken to avoid the 
use of too much pressure, as this can lead to raveling (Chopra et al. 2007). Vacuum 
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sweeping is also an effective technique, removing sediment particles dislodged with a 
sweeper and then extracting them from pavement voids. A combination of these two 
methods is currently recommended for clogged pervious surfaces.  
The degree of clogging in a pavement is highly dependent on the mix design, 
quality of construction, and local conditions (Chopra et al. 2007). A poorly constructed 
pavement will have a low initial permeability, and only a small amount of sediment 
buildup will be enough to drop the infiltration below the design levels, causing the 
pavement to fail. The amount of runoff that a pavement receives, as well as the sediment 
content of the runoff will also affect the clogging rate of pervious concrete.  
In the past, maintenance has been a regulatory concern that prevented wide 
acceptance of pervious concrete. Some pervious concretes are constructed such that 
sediment can enter the surface voids without fully clogging the pavement (Coughlin et al. 
2011).  Clogged pores or subgrade prevent stormwater from percolating through the 
pavement structure at high rates (ACI 2010). To maintain porous pavements as a 
stormwater BMP, a system must be developed and evaluated to retrofit clogged 
pavements.  
Sealed and clogged pavements create problems for owners, who have paid a 
premium to have the specialty product installed. To maintain porous pavements as a 
stormwater BMP, a system must be developed and evaluated to retrofit clogged 
pavements. Currently, retrofit solutions consist of installing high permeability drains, or 
removing and replacing the sealed pervious concrete. Removing and replacing the sealed 
concrete can be costly and time consuming, particularly when the majority of the 
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pavement is sealed. The problem of inadequate permeability can be solved by creating 
high permeability drain sections. Impervious concrete can be removed at low areas, and a 
high permeability mix can be placed in the gap. This allows runoff from the sealed and 
clogged pavements to enter the high permeability drains. Because the aggregate base is 
installed underneath the entirety of the pavement, the storage area is more than adequate 
for rainfall events (Kevern 2010). Aside from high permeability drains, there has not 
been other consideration of retrofits.  
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CHAPTER THREE  
EXPERIMENTAL PROCEDURES 
The objective of this research was to investigate several retrofit techniques for 
pervious concrete pavements that were sealed during construction. The research was 
conducted at the site location introduced in Chapter One. This Chapter provides the 
experimental plan for the proposed research, and the experimental procedures used to 
satisfy the objectives.  
Site Description 
The site consists of 21 bays of pervious concrete (25,212 ft
2
), ranging from 38-ft 
(4 Parking Spaces) to 106-ft (12 parking spaces) in length. The bays were numbered 1 
through 21, with bay 1 located at the maintenance shed in the bottom right corner of 
Figure 3.1, and the bay number increasing counter-clockwise around the property. Table 
 3.1 lists the dimensions of each bay. Locations within each bay were measured from the 
first transverse gutter when proceeding counter-clockwise around the apartment complex, 
and from the exterior gutter. 
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Figure  3.1: Testing Site 
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Table  3.1: Bay Dimensions 
Bay Length Width 
1 70-ft 5-in 13-ft 6-in 
2 88-ft 3-in 13-ft 6-in 
3 88-ft 3-in 13-ft 6-in 
4 79-ft 1-in 13-ft 6-in 
5 70-ft 6-in 13-ft 6-in 
6 61-ft 1-in 13-ft 6-in 
7 79-ft 6-in 13-ft 6-in 
8 79-ft 4-in 13-ft 6-in 
9 88-ft 6-in 17-ft 3-in 
10 88-ft 5-in 17-ft 0-in 
11 79-ft 8-in 16-ft 10-in 
12 105-ft 10-in 17-ft 4-in 
13 38-ft 0-in 17-ft 0-in 
14 88-ft 4-in 13-ft 6-in 
15 106-ft 6-in 13-ft 8-in 
16 106-ft 4-in 13-ft 8-in 
17 106-ft 6-in 13-ft 6-in 
18 42-ft 3-in 13-ft 8-in 
19 106-ft 4-in 13-ft 6-in 
20 102-ft 11-in 13-ft 5-in 
21 68-ft 4-in 13-ft 6-in 
 
 
Bay Selection 
Bay 16, shown in Figure  3.1, was selected because it was large enough to 
encompass all of the necessary testing. It consisted of 12 parking spaces and 9 total 
retrofit strategies were evaluated. It is also located in the back of the complex where the 
research would be less intrusive to residents and workers at the property. It was also 
selected because it had easy access to both water and electricity needed for the testing.  
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In addition to the work done in Bay 16, cores were taken from bays 4, 7, 10, 12, 
and 19; selected randomly. These cores were used to quantify the surface sealing in the 
pavement, and confirm that the pervious concrete was sealed across the property. The bay 
and location for each core are listed in Table  3.2. The core location was measured from 
the exterior gutter, and from the first transverse gutter proceeding counter clockwise 
around the property. 
Table  3.2: Core Locations 
Core Size 
[in] 
Bay 
Core 
Number 
Distance from 
Transverse 
Gutter 
Distance 
from Exterior 
Gutter 
6 4 8 4-ft 0-in 3-ft 0-in 
6 7 9 31-ft 1-in 6-ft 10-in 
6 10 7 54-ft 11-in 14-ft 1-in 
6 12 6  90-ft 7-in 11-ft 2-in 
6 16 1 3-ft 8-in 3-ft 3-in 
6 16 2 22-ft 0-in 4-ft 9-in 
6 16 3 74-ft 5-in 4-ft 5-in 
6 16 4 10-ft 8-in 1-ft 1-in 
6 16 5 93-ft 10-in 10-ft 7-in 
4 16 11 50-ft 8-in 10-ft 7-in 
3 16 12 13-ft 6-in 7-ft 7-in 
2 16 13 56-ft 7-in 5-ft 3-in 
6 19 10 60-ft 8-in 2-ft 6-in 
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Experimental Plan 
The overall plan for this experiment was to apply a series of retrofit strategies to 
the pavement, and assess their ability to effectively drain water. The first type of retrofit 
was a core retrofit, where a core drill was used to cut into the pavement. Core bit sizes of 
2-in, 3-in, 4-in, and 6-in were used to cut various depths into the pavement, and the 
infiltration rate was measured. The second type of retrofit was a linear cut retrofit, where 
a circular saw was used to make multiple cuts at various depths in the pavement. An 
example of a linear cut retrofit is shown in Figure  3.2. 
 
Figure  3.2: Linear Cut Retrofit 
Retrofit Location Selection 
The parking space for each retrofit within bay 16 was selected randomly. Each 
retrofit was centered in a parking space to minimize subsequent traffic load on top of the 
retrofit. The 6-in core and linear cut retrofits were stratified to the front, middle, and back 
of a parking space. The 4-in, 3-in, and 2-in core locations were selected randomly. Table 
 3.3 shows the location of each retrofit technique, each core number corresponds to the 
location in Table  3.2. A layout of the retrofit locations is shown in Figure  3.3.  
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Table  3.3: Retrofit Locations 
Parking 
Spot 
Retrofit 
Type 
Core 
Number 
Bay Length Width 
1 6-in Core 1 16 3-ft 8-in 3-ft 3-in 
2 3-in Core 12 16 16-ft 6-in 7-ft 7-in 
3 6-in Core 2 16 22-ft 0-in 4-ft 9-in 
4 Not tested 
5 Linear Cut n/a 16 38-ft 5-in 3-ft 1-in 
6 4-in Core 11 16 50-ft 8-in 10-ft 7-in 
7 2-in Core 13 16 56-ft 7-in 5-ft 3-in 
8 Determined to be Pervious (infiltration rate =4 in/hr) 
9 6-in Core 3 16 74-ft 5-in 4-ft 5-in 
10 Linear Cut 
n/a 
16 84-ft 6-in 7-ft 7-in 
11 Linear Cut 16 93-ft 10-in 9-ft 3-in 
12 Not tested 
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Figure  3.3: Retrofit Locations 
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Test Procedures 
Several test procedures were used throughout the project. When possible, relevant 
ASTM test procedures were used. Deviations from the ASTM procedures and alternative 
procedures are described with their corresponding test.  
Infiltration 
Infiltration was tested using ASTM C 1701 with the exception that the 24 hour 
spacing between tests was not observed. A 12-in diameter PVC ring was placed onto the 
pavement, and sealed with plumbers putty to prevent water for escaping laterally. Water 
was then poured into the infiltration ring, and kept at a constant head of 1/2-in. The time 
was recorded for one gallon to drain entirely into the pavement. This was repeated three 
times for each retrofit iteration. If the time for one gallon to drain was less than 30 
seconds, the second and third runs were performed with five gallons. Infiltration was then 
calculated using Equation  3.1, where I is the calculated infiltration rate (in/hr), M is the 
mass of water drained into the retrofit (lb), D is the diameter of the infiltration ring (in), t 
is the time required for the water to drain entirely into the pavement (s), and K is a unit 
conversion factor of 126870 in
3∙s/lb∙hr. Figure  3.4 shows ASTM C 1701 in progress. 
 
tD
KM
I
*2

 
Equation  3.1 
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Figure  3.4: Infiltration using ASTM C 1701 
Infiltration Box 
In addition to ASTM C 1701, a separate apparatus was constructed to measure 
large scale infiltration. Because retrofit locations are spread out, it is important to 
determine whether or not the retrofits will be able to handle large volumes of water with a 
relatively low head. The apparatus was built to drain 40 gallons of water into the retrofit 
area, with the pressure head not exceeding 2-in.  
Large scale infiltration was measured using the box infiltration setup, shown in 
Figure  3.5. The interior of the box measured 54-in by 60-in, with a total pavement area of 
22.5-ft
2
. The wood box was painted to minimize the absorption of water into the wood, 
and sealed to the pavement using plumbers putty, to prevent water from escaping 
laterally. This is similar to the use of plumbers putty in ASTM C 1701, and shown in 
Figure  3.6. The side of the box closest to the water container was 2-in tall, allowing 
excess water to spill off onto the adjacent pavement to maintain a maximum water depth 
of 2-in.  
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Figure  3.5: Infiltration box and Water Distribution System 
 
 
 
 
 
Figure  3.6: Applying Plumbers Putty to Infiltration Box 
 
Wood 
Infiltration  
Box 
 
Water 
Distribution 
System 
 
Plastic  
Water 
Container 
 
Retrofit 
Location 
 
  39 
 
Water was stored using plastic containers, with a length of 22-in, width of 11-in, 
and a height of 30-in. A PVC distribution system, shown in Figure  3.7, was used to 
evenly distribute water across the retrofit area.  3/4-in diameter PVC pipe was used to 
distribute the water, with 3/4-in ball valves, T-connectors, and end caps. A 3/4-in hole 
was drilled into the narrow side of each container to install the valve. The PVC 
distribution bar was 4-ft from end cap to end cap, and had 3/32-in diameter holes spaced 
every inch, angled downwards. The distribution bar was designed distribute water evenly 
across the width of the wood box, and the holes were angled downwards to simulate the 
sheet flow from the adjacent asphalt pavement. 
Each container was filled with 20 gallons of water above the ball valve. This was 
accomplished by allowing the water to drain out of the container until it reached 
equilibrium, closing the ball valves, and adding a measured 20 gallons of water to each 
container. Water was filled to the same level before each run.  
When the ball valves on both containers were simultaneously opened, water was 
released from the distribution system, imitating the sheet flow that the pervious concrete 
receives from the adjacent asphalt pavement. The water then either flowed immediately 
through the retrofit and into the subbase, ponded over the retrofit, or failed to enter the 
retrofit and overflowed out of the box. Water is shown flowing out of the PVC 
distribution system into the box frame setup in Figure  3.7.  
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Figure  3.7: Water Distribution System 
 
The time required for water to drain into the retrofit was then recorded, and the 
infiltration was calculated. The water was declared drained when the retrofit no longer 
had standing water over it, even if there remained some water at low points in the box. 
The maximum depth of the water during each infiltration run was recorded, occurring 
when the containers were empty. The procedure was repeated three times for each retrofit 
iteration. 
Infiltration was then calculated using Equation  3.2, where I is the infiltration rate 
(in/hr), V is the volume of water drained into the retrofit (gallons), A is the inside area of 
the box (in
2
), and t is the time required for the water to drain entirely into the pavement 
(s).  
 
831600
V
I
A t
 
  
Equation  3.2 
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Visual Inspection of Cores 
Cores were visually inspected for surface sealing, and notes were made. 
Photographs were recorded from each core for later use. Surface sealing was defined as a 
visible difference in air voids between the upper inch of the core and the lower portion. A 
photograph was taken of the top surface of the core, and four photographs were taken 
around the exterior of the core to check for sealing. Each core was then sawed in half and 
a photograph was taken of the inside cut of the core. A sample inspection is shown in 
Figure  3.8. This process was performed for each core and the photographs are available 
in Appendix A.  
 
Figure  3.8: Visual Inspection of Interior Surface Voids 
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Porosity of Cores 
Bulk specific gravity and porosity of core samples were measured using the 
CoreLok automatic vacuum sealing test in accordance with ASTM D 7063, with the 
exception that pervious concrete was used instead of compacted bituminous mixtures. 
After the sample was dried in a 60
o
C oven and weighed, each sample was vacuum sealed 
in a plastic bag, and weighed underwater with the air voids evacuated. The bag was then 
opened to allow water to rush into the bag to fill accessible air voids in the sample. The 
results from this test procedure were used to determine the percentage of total air voids in 
the core that can be filled with water through interconnected paths within the core. Bulk 
specific gravity (BSG) was calculated using Equation  3.3, apparent specific gravity 
(ASG) was calculated using Equation  3.4, and the porosity was calculated using Equation 
 3.5. A is the dry mass of the specimen in air (g), B is the dry mass of the specimen and 
bag after sealing, C is the mass of the unsealed specimen underwater, E is the mass of the 
specimen sealed and underwater, and FT is the specific gravity of the plastic sealing 
material. 
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To quantify surface sealing, a vertical distribution of the voids was needed. Half 
of each core was sliced into 1-in thick sections, and the porosity was measured using the 
above procedure for each section. This resulted in a vertical profile of the porosity, which 
was then used to quantify surface sealing. 
Experimental Plan 
The experimental plan was constructed so that a multitude of retrofit techniques 
could be applied with minimal impact to the property. After each location was chosen, a 
series of retrofit iterations was progressively tested in the form of deeper or additional 
cuts. This resulted in up to nine iterations for the linear cut retrofits, and five retrofit 
iterations for each of the core locations.  
The progression for the core retrofits is shown in Figure  3.9. After the retrofit 
location was identified, infiltration was measured using both ASTM C 1701 and the box 
infiltration method discussed previously. If the pavement successfully drained water 
before retrofit, then another location was selected. If the pavement was determined to be 
impervious with both infiltration methods, a retrofit was applied to the location. For the 
core retrofits, the drill was first allowed to cut down to the breakthrough depth, defined as 
the depth at which water first began to drain instead of ponding on the pavement surface. 
Infiltration was then measured with both the ASTM C 1701 method and the box 
infiltration method. For the second iteration at each location, the core drill was used to 
cut down another 1/2-in, and infiltration was measured again using both methods. 
Additional iterations were tested at depths of 1-in and 2-in below the breakthrough depth. 
After the infiltration was measured for the 2-in iteration, the core was fully cut and 
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removed for further analysis. As a fifth iteration for each location, the empty core hole 
was filled with gravel (No. 89M stone) with a layer of filter fabric, and infiltration was 
once again measured with both methods. The number and depth of each retrofit iteration 
is shown in   
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Table  3.4: Core Retrofit Plan 
. 
Identify Retrofit Location
Infiltration ASTM C 1701
Box Infiltration
Apply Retrofit Technique
Visual Pore Structure 
Analysis
CoreLok ASTM 7063
Vertical Porosity 
Distribution
 
Figure  3.9: Flow Chart for Core Drill Retrofit 
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Table  3.4: Core Retrofit Plan 
Retrofit Type 
Retrofit 
Iteration 
Number 
Number of Trials per Infiltration 
Procedure 
ASTM C 1701 Infiltration Box 
Preliminary Infiltration 
 
1 1 
Breakthrugh Cut 1 3 3 
Breakthrough Cut + 1/2-in 2 3 3 
Breakthrough Cut + 1-in 3 3 3 
Breakthrough Cut + 2-in 4 3 3 
Gravel and Filter Fabric 5 3 3 
 
 
The progression for the linear cut retrofits is shown in Figure  3.10. After the 
retrofit location was identified, infiltration was measured using both ASTM C 1701 and 
the box infiltration method discussed in this chapter. If the pavement successfully drained 
water, another retrofit location was selected. If the pavement was determined to be 
impervious with both methods, the retrofit techniques were applied to the location. For 
the linear cut retrofits, a circular saw equipped with a segmented diamond blade was used 
to cut down to the breakthrough depth. Infiltration was then measured with the box 
infiltration method. The infiltration ring method (ASTM C 1701) was not used because 
water could escape laterally in the saw cuts. For the second iteration at each location, the 
saw was used to cut down another 1/2-in, and infiltration was measured again using the 
box infiltration method. For the third iteration, the saw was used to cut to its maximum 
depth, 2 ½-in, and infiltration was again measured using the box infiltration method. 
This process was then repeated at the same location, with a second cut spaced 18-
in from the first cut, and a third cut spaced 18-in from the second. In parking spots 5 and 
10, a reduced number of iterations were used, omitting some of the lower depth cuts. The 
number and depth of each retrofit iteration is shown in Table  3.5. 
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Identify Retrofit Location
Infiltration ASTM C 1701
Box Infiltration
Apply Retrofit Technique
 
Figure  3.10: Flow Chart for Linear Cut Retrofit 
 
Table  3.5: Linear Cut Retrofit Plan 
Retrofit Type 
Retrofit 
Iteration 
Number 
Number of Trials per 
Infiltration Procedure 
ASTM C 
1701 
Infiltration 
Box 
Preliminary Infiltration 
 
1 1 
1st Cut - Breakthrough 1 n/a 3 
1st Cut - Breakthrough + 1/2-in 2 n/a 3 
1st Cut - 2 ½-in 3 n/a 3 
2nd Cut - Breakthrough 4 n/a 3 
2nd Cut - Breakthrough + 1/2-in 5 n/a 3 
2nd Cut - 2 ½-in 6 n/a 3 
3rd Cut - Breakthrough 7 n/a 3 
3rd Cut - Breakthrough + 1/2-in 8 n/a 3 
3rd Cut - 2 ½-in 9 n/a 3 
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Statistical Analysis 
After gathering the data, statistical analyses were performed to determine the 
significance of the results. An analysis of variance (ANOVA) was conducted on both the 
box infiltration data and the ring infiltration data. Tukey‟s Studentized Range (HSD) test 
was used following each ANOVA to compare means. Linear correlations and lines of 
best fit were used to compare ring infiltration to box infiltration. T-tests were used to 
compare the porosity between Bay 16 and the rest of the parking lot, and to compare 
porosity of whole cores to porosity of cores after slicing. For all analyses, a level of 
significance of 95% ( = 0.05) was used. 
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CHAPTER FOUR  
RESULTS AND DISCUSSION 
Preliminary Infiltration 
As part of a previous research project infiltration testing was performed at several 
locations around the project site (Putman 2010). Fifteen locations were randomly selected 
in bays 1, 4, 5, 8, 10, 13, and 19. The location of each test and corresponding measured 
infiltration (per ASTM C 1701) is shown in Table  4.1. Fourteen of the fifteen locations 
did not drain, prompting further study. A core was taken at location 15 for further 
analysis. 
Table  4.1: Preliminary Infiltration Results 
Location # Bay # 
Distance from 
Transverse Gutter 
Distance from 
Exterior Gutter Infiltration 
1 1 17-ft 6-in 12-ft 7-in No Infiltration 
2 1 58-ft 10-in 8-ft 4-in No Infiltration 
3 4 9-ft 11-in 4-ft 2-in No Infiltration 
4 4 40-ft 3-in 11-ft 4-in No Infiltration 
5 5 21-ft 0-in 3-ft 5-in No Infiltration 
6 5 48-ft 8-in 10-ft 2-in 4 in/hour 
7 8 34-ft 9-in 5-ft 10-in No Infiltration 
8 8 53-ft 4-in 8-ft 9-in No Infiltration 
9 10 43-ft 10-in 15-ft 2-in No Infiltration 
10 10 85-ft 10-in 3-ft 9-in No Infiltration 
11 13 19-ft 3-in 3-ft 9-in No Infiltration 
12 13 58-ft 0-in 8-ft 8-in No Infiltration 
13 19 5-ft 3-in 10-ft 11-in No Infiltration 
14 19 65-ft 1-in 10-ft 10-in No Infiltration 
15 19 65-ft 1-in 2-ft 9-in No Infiltration 
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Infiltration Testing on Pressure Washed Sections 
In May of 2011, the property management hired a contractor to pressure wash a 
section of the pervious concrete, to evaluate whether or not the maintenance would be 
effective at restoring permeability to the pavement. The pressure washed area spanned 
half of Bay 1, with the total pressure washed area measuring 30-ft by 13-ft 6-in. Because 
there was no way for dirty water to exit or drain from the pavement, it was allowed to sit, 
and resulted in severe sediment buildup within the bay. This sediment is shown in Figure 
 4.1, and covered about half of the area of the bay. 
 
Figure  4.1: Sediment Buildup on Pressure Washed Section 
 
Sediment 
Buildup 
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Infiltration testing was performed at four locations selected randomly within the 
sediment free areas of Bay 1. The four locations and infiltration measurements (per 
ASTM C 1701) are shown in Table  4.2. Infiltration rates of 3-4 in/hour are generally 
inadequate for a porous pavement surface, particularly when the majority of the 
pavement remained clogged or sealed. It was determined that pressure washing was 
ineffective at increasing the permeability of the pavement enough to maintain adequate 
drainage.  
 
Table  4.2: Infiltration Results from Pressure Washed Sections 
Location # Bay  
Distance 
from 
South Gutter 
Distance 
from 
East Gutter 
Infiltration 
1 1 21-ft 3-in 6-ft 0-in No Infiltration 
2 1 14-ft 9-in 7-ft 3-in No Infiltration 
3 1 3-ft 0-in 0-ft 11-in 4 in/hour 
4 1 4-ft 6-in 2-ft 10-in 3 in/hour 
 
Box Infiltration 
Retrofit techniques were applied to the pavement, and the infiltration was 
measured using both box and ring infiltration tests. The infiltration results from the Box 
Infiltration testing are shown in Figure  4.2. Each retrofit technique was assigned an 
iteration number, shown in Table  4.3. ANOVA and Tukey‟s Studentized Range 
(Honestly Significant Difference) tests were performed to identify statistical differences 
between each retrofit technique. The maximum depth of the saw blade (2 ½-in) used for 
the linear cuts did not allow the saw depth to reach 2-in past breakthrough, which would 
have likely further increased infiltration.  
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Figure  4.2: Box Infiltration Data 
Table  4.3: Iteration Definitions 
 
Core Retrofits Linear Cut Retrofits 
Iteration 1 Breakthrough Cut 1st Cut Breakthrough 
Iteration 2 Breakthrough + 1/2-in 1st Cut Breakthrough + 1/2-in 
Iteration 3 Breakthrough + 1-in 1st Cut 2 1/2-in 
Iteration 4 Breakthrough + 2-in 2nd Cut Breakthrough 
Iteration 5 Gravel and Filter Fabric 2nd Cut Breakthrough + 1/2-in 
Iteration 6 n/a 2nd Cut 2 1/2-in 
Iteration 7 n/a 3rd Cut Breakthrough 
Iteration 8 n/a 3rd Cut Breakthrough + 1/2-in 
Iteration 9 n/a 3rd Cut Cut 2 1/2-in 
  
Comparison of Linear Cuts – Box Infiltration 
The box infiltration results from the linear cut retrofit techniques are shown in 
Figure 4.3.  As seen in the figure, all iterations were not carried out for all three parking 
spots. Parking spot 11 was tested with all nine iterations, and the data indicated that the 
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with only five iterations, where the partial depth measurements were applied to the first 
cut, but not the second or third. Parking spot 10 was only tested with each of the full 
depth cuts. The saw cuts were extremely prone to clogging, from both concrete dust and 
sediment on the pavement. Clogging accounts for the decrease in infiltration from one 
infiltration technique to the next. An ANOVA and Tukey‟s test was performed on the 
linear cut data, to determine statistical significance. The ANOVA indicated that there was 
a significant difference between the iterations, but not between parking spots. Tukey‟s 
test was used to identify differences between each iteration technique, three full depth 
cuts were determined to have significantly higher infiltration than the single full depth 
cut, but there was no significant difference between two full depth cuts and either one full 
depth cut or three full depth cuts. The results from Tukey‟s test showing all nine 
iterations are shown in Table  4.4. 
 
Figure  4.3: Comparison of Linear Cut Infiltration 
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Table  4.4: Significance from Tukey‟s Test for Linear Cut Infiltration 
Iteration 1 2 3 4 5 6 7 8 9 
1 x No No No No Yes Yes Yes Yes 
2 No x No No No Yes Yes Yes Yes 
3 No No x No No No Yes No Yes 
4 No No No x No No Yes Yes Yes 
5 No No No No x No Yes No Yes 
6 Yes Yes No No No x No No No 
7 Yes Yes Yes Yes Yes No x No No 
8 Yes Yes No Yes Yes No No x No 
9 Yes Yes Yes Yes Yes No No No x 
 
Comparison of 6-in Retrofits – Box Infiltration 
Three 6-in core retrofits were evaluated to analyze the variation within a retrofit 
technique, particularly caused by variations in construction practices.  Figure  4.4 shows 
the average infiltration value for each retrofit iteration. The breakthrough depth for 
parking spot 1 was only 1.25-in, which might explain some of the variations between the 
results in different parking spaces. Parking spots 1 and 3 show a considerable increase in 
permeability when the cut moved from 1-in to 2-in below breakthrough, and parking spot 
9 showed a similar jump between ½-in and 1-in below breakthrough.  Parking spots 3 and 
9 were unique in that they showed no buildup of water in the infiltration box for the cut 
2-in below breakthrough, with water draining immediately into the retrofit instead of 
ponding. Figure  4.5 shows water draining immediately into the retrofit in parking space 
9; the top of the 6-in core remained dry throughout the entire 40 gallon box infiltration 
testing. Statistical tests were performed on core retrofit data, including an ANOVA and 
Tukey‟s test. The ANOVA indicated significant differences both between parking spaces 
and between retrofit iterations. Tukey‟s test grouped the iterations into three groups, each 
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significantly different than the others, but not significantly different within each group. 
The first group was the gravel and filter fabric technique and the breakthrough + 2-in 
technique, with average infiltrations of 16.6 and 16.5 in/hour, respectively. The second 
group was breakthrough + 1-in and breakthrough + 1/2-in, with average infiltrations of 
11.4 and 9.8 in/hour, respectively. The third group consisted of the breakthrough cut, 
with an average infiltration of 3.2 in/hour. Tukey‟s test also determined that parking spot 
9 was significantly different from 1 and 3. The reasons for this difference became 
apparent during the visual inspection of the cores and the vertical porosity distribution 
testing. Photographs of all three cores are available in Figure  4.18, along with a 
discussion of the differences in vertical pore distribution. 
 
Figure  4.4: Comparison of Box Infiltration for 6-in Core Retrofits 
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Figure  4.5: Water Draining Immediately Into the Retrofit without Ponding 
Comparison of all Core Retrofits 
One objective of this research was to compare the ability of different size core 
retrofits to increase infiltration. In addition to the three 6-in cores previously discussed, 2-
in, 3-in, and 4-in core retrofits were also evaluated, the results are shown in Figure  4.6. 
Only one retrofit location for each of the three smaller cores was attempted, leading to 
questionable results. The 3-in core, where infiltration increases sharply and then levels 
off despite successive retrofits, is the most easily explained. Figure  4.7 shows the 3-in 
core, which has severe sealing in the bottom layer. Cutting deeper into the pavement 
failed to open up additional voids. It is not clear why the 4-in core performed poorer than 
the 2-in core, but this was likely due to variations in pavement porosity. ANOVA and 
Tukey tests were conducted to determine the significance of the results, and the Tukey 
tests once again grouped the breakthrough cut by itself, breakthrough + 1/2-in and 
breakthrough + 1-in together, the gravel and filter fabric technique with the breakthrough 
+ 2-in cut. The Tukey grouping between retrofit strategies determined that the 6-in 
6-in Core 
Retrofit 
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technique was significantly different than all the other techniques, but determined no 
significant differences between the other three strategies. This is possibly due to the low 
sample size. 
 
 
Figure  4.6: Comparison of 2, 3, 4, and 6-in Cores 
 
Figure  4.7: 3-in Core with Severe Sealing in Bottom Layer 
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Compare 6-in Cores to Linear Cuts 
Figure  4.8 shows the comparison between the 6-in core and the linear cut retrofits. 
When comparing these two techniques, it is important to note that the circular saw was 
unable to cut more than 1-in past breakthrough. The linear cuts were also more 
susceptible to clogging, as the core drill released a slurry of concrete dust and water onto 
the pavement, where much of the concrete dust from the circular saw was left inside the 
retrofit. ANOVA and Tukey tests were conducted to determine significance between each 
retrofit iteration. Three full depth linear cuts were determined to be significantly higher 
than the core-breakthrough cut, but not the other core retrofit techniques. The two full 
depth linear cut iteration was determined to yield an infiltration rate that was significantly 
lower than the core-breakthrough + 1-in, core-breakthrough + 2-in, and the gravel and 
filter fabric iteration. The single full depth linear cut was determined to be significantly 
lower than all of the core retrofits besides the breakthrough cut. The three full depth cut 
iteration was determined to be significantly higher than the single full depth cut, but there 
was no significant difference between two full depth cuts and either of the other linear cut 
retrofit techniques. The significance from Tukey‟s test is shown in Table  4.5.  
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Figure  4.8: Comparison of Box Infiltration 6in Cores to Linear Cuts 
Table  4.5: Tukey‟s Test Results for Comparison of 6-in Core to Linear Cuts 
  1 Full Depth Cut 2 Full Depth Cut 3 Full Depth Cuts 
Breakthrough No No Yes 
Breakthrough + 1/2-in Yes No No 
Breakthrough + 1-in Yes Yes No 
Breakthrough + 2-in Yes Yes No 
Gravel and Filter Fabric Yes Yes No 
1 Full Depth Cut x No Yes 
2 Full Depth Cuts No x No 
3 Full Depth Cuts Yes No x 
 
Maximum Water Depth in Box 
During each infiltration box test, the maximum water depth was recorded for each 
retrofit iteration. This was done to keep track of retrofits that drained water so slowly that 
the box overflowed, and retrofits that drained water quickly enough to allow no buildup 
over the pavement. The 6-in core retrofit in parking spot 9 allowed no buildup of water, 
and several of the breakthrough cuts on the core retrofit allowed water to overflow. This 
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overflow of water makes the box infiltration data unreliable at low infiltrations less than 5 
in/hour. Box infiltration was also unable to capture infiltrations higher than 20 in/hour, 
because it took the water containers a full nine minutes to drain onto the pavement.  
 
 
Figure  4.9: Maximum Water Depth in Box Infiltration 
Ring Infiltration 
In addition to the box infiltration analysis, the ring infiltration (ASTM C 1710) 
was measured for each core retrofit technique. The ring infiltration method could not be 
used on the linear cut retrofit, because water could flow laterally through the cut and 
escape on the surface of the pavement. The ring infiltration method was useful for both 
excessively low and high infiltrations, where the limitation of the box infiltration resulted 
in unreliable numbers. The results from the ring infiltration testing are shown in Figure 
 4.10.  
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Figure  4.10: Ring Infiltration Data 
Comparison of 6-in Retrofits – Ring Infiltration  
Similar to the box infiltration, the 6-in core retrofits for the ring were compared. 
One major limitation to the box infiltration testing was a maximum infiltration. Because 
it took nine minutes for the water to exit the storage containers, the maximum possible 
box infiltration was 19 in/hour. This was only a factor during the 6-in core testing in 
parking spot 9. The ring infiltration testing did not have this limitation, however, 
extremely high ring infiltration tests took as little as 10 seconds, and as little as 33 
seconds even for the five gallon runs. The short duration of these runs increased the 
susceptibility of the test to human error, as the difficulty to maintain a constant pressure 
head increased. ANOVA and Tukey‟s tests were run on the 6-in core data, and the results 
were similar. Tukey‟s test grouped parking spots 9 and 3 together as statistically similar, 
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with parking spot 1 draining significantly slower. Similar to the box infiltration, Tukey‟s 
test also grouped the breakthrough cut by itself, breakthrough + 1/2-in and breakthrough 
+ 1-in together, the gravel and filter fabric technique with the breakthrough + 2-in cut. 
 
Figure  4.11: Comparison of Ring Infiltration for 6-in Cores 
Ring Analysis – Comparison of 2, 3, 4, and 6-in Cores 
Analysis was run on the infiltration tests between different core sizes. The results 
were similar to the box infiltration, determining the 6-in core significantly different from 
the other sizes, with no significant difference between the 2-in, 3-in, and 4-in core retrofit 
techniques.  
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Figure  4.12: Comparison of 2, 3, 4, and 6-in Cores 
Comparison of Ring Infiltration and Box Infiltration 
To verify the box infiltration testing method, the infiltration results were 
correlated with the results from the ring infiltration testing. A scatterplot of the results is 
shown in Figure  4.13, with each retrofit shown as a different marker. The data had a 
correlation coefficient (R
2
) of 0.77, indicating a strong correlation. From the graph, it can 
be seen that the majority of deviation from the trendline occurred at both high and low 
infiltration values. The box infiltration test performed poorly at high infiltration values, 
particularly when water was unable to buildup over the retrofit. The box infiltration often 
performed poorly at low infiltration values, either when the box overflowed or infiltration 
tests lasted 1-2 hours, enough for evaporation to become a factor. The ring and box 
infiltration tests performed poorly at high infiltration values, as discussed previously.  
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Figure  4.13: Scatterplot Comparison of Box and Ring Infiltration 
 
To clearly identify the relationship between box infiltration and ring infiltration 
results, Figure  4.13 was plotted again as Figure  4.14, showing only the central data 
points, where the box infiltration was most appropriate and reflecting typical field values. 
An R
2
 value of 0.73 indicated a moderately strong correlation, and with a linear 
correlation slope of 32.2. The ratio of box area to ring area is 28.7, which would 
theoretically be the slope of the fit line. Figure  4.14 and the associated correlation 
confirm that box infiltration and ring infiltration give correlated results, and show that a 
factor of 28.7 can be used to convert between results. This correlation eliminates the need 
for box testing on small retrofits, and validates the use of box testing on retrofits too large 
for the infiltration ring test. 
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Figure  4.14: Scatterplot of Central Data 
Breakthrough Depth 
During testing, the breakthrough depth was measured at each retrofit location in 
Bay 16. Initially, it was thought that this would be constant throughout the parking lot, 
but the depth varied from space to space as shown in Table  4.6. Breakthrough depth can 
be assumed to be zero for parking spot 8, which was determined to be pervious.  The 
histogram in Figure  4.15 indicates that the breakthrough depth did follow a normal 
distribution with an average breakthrough depth of 1.4-in. While variation in 
breakthrough depth was expected, this variation can account for some of the variations 
between infiltration test results. 
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Table  4.6: Breakthrough Depth at each Retrofit Location 
Parking Spot 
Breakthrough 
Depth [in] 
1 1.25 
2 2.25 
3 1.75 
5 1.50 
6 1.25 
7 1.50 
9 1.50 
10 1.25 
11 0.75 
 
 
 
Figure  4.15: Frequency Distribution of Breakthrough Depth 
Pavement Thickness 
In addition to the cores taken for each retrofit technique, two additional 6-in cores 
were taken from Bay 16 and five additional cores were taken from around the property to 
verify that Bay 16 was representative of the rest of the pervious concrete pavement on the 
property. After removing each core from the pavement, the thickness of each core was 
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measured. The average core depth within Bay 16 was 5.5-in, and the average depth of 
cores taken from other bays was 5.0–in. This indicates that Bay 16 was representative of 
the pervious pavement throughout the property. The largest thickness was core 13, with a 
depth of 7.5-in. Core 13 also showed extensive sealing in the bottom three inches, 
indicating other problems with placement at that point. Core properties are shown in 
Table  4.7.  
Table  4.7: Core Properties 
Core Size 
[in] Bay 
Core 
Number 
Distance from 
Transverse 
Gutter 
Distance 
from 
Exterior 
Gutter 
Core 
Depth 
[in] 
Porosity 
[%] 
6 4 8 4-ft 0-in 3-ft 0-in 4.1 22.8 
6 7 9 31-ft 1-in 6-ft 10-in 4.6 24.1 
6 10 7 54-ft 11-in 14-ft 1-in 4.8 21.6 
6 12 6 90-ft 7-in 11-ft 2-in 5.8 21.0 
6 16 1 3-ft 8-in 3-ft 3-in 5.5 23.0 
6 16 2 22-ft 0-in 4-ft 9-in 4.9 19.5 
6 16 3 74-ft 5-in 4-ft 5-in 4.7 21.0 
6 16 4 10-ft 8-in 1-ft 1-in 5.8 26.1 
6 16 5 93-ft 10-in 10-ft 7-in 5.0 23.0 
4 16 11 50-ft 8-in 10-ft 7-in 5.4 24.1 
3 16 12 13-ft 6-in 7-ft 7-in 7.5 15.1 
2 16 13 56-ft 7-in 5-ft 3-in 5.3 24.9 
6 19 10 60-ft 8-in 2-ft 6-in 5.6 24.7 
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Figure  4.16: Frequency Distribution of Core Depth 
Visual Inspection of Cores 
Each core was visually inspected to qualitatively assess pore distribution. A 
photograph was taken of the top of the core, four photographs were taken of the outside 
surface of the core, and the core was sliced vertically in half and a photograph was taken 
of the inside of the core. The photographs from Core 2 are shown in Figure  4.17. Core 2 
showed a large amount of sealing in the top two inches, and was typical of the other core 
samples. The breakthrough depth for this core was 1.75 inches below the surface of the 
pavement, and the breakthrough + 2-in retrofit technique increased ring infiltration from 
0 to 1100 in/hour. The core had a porosity of 19.5%, which is typically more than enough 
for adequate drainage. The sealing at the surface of the pavement prevented water from 
draining as designed. All six photographs from each core are available in Appendix A. 
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Core GB – UP – 2 – Top View Core GB – UP – 2 – Inside Slice 
  
Core GB – UP – 2 Side View Core GB – UP – 2 - Side View 
  
Core GB – UP – 2 Side View Core GB – UP – 2 Side View 
Figure  4.17: Core 2 - Visual Inspection, 6 Views 
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Figure  4.18 shows one image from the visual inspection of Cores 1, 2, and 3, each 
taken from a six inch core retrofit location. Core 3 had the highest infiltration for the first 
three iterations, with only a thin layer sealing the top of the core. Core 3 also had the 
highest box infiltration values, with a pore structure open enough to prevent water from 
building up above the retrofit technique. Core 2 had low infiltration values, but had the 
highest ring infiltration values after the cut reached breakthrough + 2-in, where a very 
open void structure allowed for ring infiltration numbers as high as 1100 in/hour. Core 1 
had the lowest infiltration values on each cut past breakthrough, where a sealed surface 
was accompanied by low porosity throughout the core. Box infiltration results of all three 
retrofit locations are available in Figure  4.8, and the ring infiltration results are available 
in Figure  4.11.  
   
Core 1 Core 2 Core 3 
Figure  4.18: Visual Inspection of Cores 1,2, and 3 
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Porosity of Cores 
Porosity was measured on all 13 cores to verify that Bay 16 was representative of 
the entire site. The measured porosity of each core is shown in Table  4.7. The average 
porosity for the cores taken inside Bay 16 was 22.1%, and the average porosity of cores 
taken from other bays was 22.9%. A t-test was conducted, and showed that there was no 
significant difference between the cores from Bay 16 and the cores from the rest of the 
site. A frequency distribution of the porosity is shown in Figure  4.19. Core 12 had the 
lowest porosity of the cores taken, 15.2%. This was likely due to the sealing of the 
bottom half shown in Figure  4.7.  
 
Figure  4.19: Frequency Distribution of Core Porosity 
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Vertical Porosity Distribution 
To quantify the sealing, the vertical porosity distribution of each core was 
measured. These results are shown in Figure  4.20. Each of the cores has one of the top 
two inches with a porosity considerably lower than the remainder of the core. This 
confirms the visual inspection of each of these cores, which also indicated surface 
sealing. The average porosity of these cores was 22.4%, which indicates enough 
connected air voids to drain properly. However, field infiltration testing showed that 
these spots failed to drain, and the porosity distribution indicates that sections of low 
porosity and sealed layers can prevent infiltration.  
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Figure  4.20: Vertical Porosity Distribution 
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To test for signicance, an ANOVA and Tukey test was conducted comparing the 
porosity at each depth. The results from the Tukey‟s test are shown in Table  4.8, which 
determined that the top inch of the pavement had a signficantly lower porosity that the 
bottom 3
rd
, 4
th
, and 5
th
 inches.  An ANOVA and Tukey test was also conducted between 
the slice porosities of each core, to determine if some of the cores were significantly 
different than others. Table  4.9 shows the results from this Tukey test, with Core 13 
determined to be significantly higher than several of the other cores. Beacause the 2-in 
and 3-in cores have signficantly higher porosities, it was thought that the increased 
surface area to volume ratio may have allowed the core drill and concrete saw to open up 
additional voids in the smaller cores. 
Table  4.8: Tukey‟s Test Between Depths for Vertical Porosity Distribution 
 
Top 
inch 
2nd 
inch 
3rd 
inch 
4th 
inch 
5th 
inch 
Top inch x No Yes Yes Yes 
2nd inch No x No No No 
3rd inch Yes No x No No 
4th inch Yes No No x No 
5th inch Yes No No No x 
 
 
  
  75 
 
 
Table  4.9: Tukey‟s Test Between Cores for Average Porosity 
Core Number 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 
1 x No No No No No No No No No No No Yes 
2 No x No No No No No No No No No No No 
3 No No x No No No No No Yes No No No No 
4 No No No x No No No No No No No No No 
5 No No No No x No No No No No No No No 
6 No No No No No x No No No No No No No 
7 No No No No No No x No No No No No Yes 
8 No No No No No No No x No No No No No 
9 No No Yes No No No No No x No No No Yes 
10 No No No No No No No No No x No No No 
11 No No No No No No No No No No x No Yes 
12 No No No No No No No No No No No x No 
13 Yes No No No No No Yes No Yes No Yes No x 
 
 
It was noted that the process of slicing the cores into the required pieces increased 
porosity. The average porosity value for the whole cores was 22.4%, and the average 
porosity value for the sliced sections was 24.1%. The difference can be attributed to a 
phenomena called knockout where the concrete saw used to slice the cores introduced 
effective air voids into the sample (Haselbach and Freeman 2007).  As such, the true 
porosity of each slice can be estimated to be on average around 1.7% lower than the 
value reported. The porosity measurement for each slice is available in Appendix C. 
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Recommended Retrofit Area 
One of the key objectives of this study was to produce a retrofit recommendation 
for the site, and to develop a retrofit technique to be used at any sealed pervious concrete 
location.  To establish a retrofit strategy, a target average infiltration for the pavement 
must be established. Because the goal of the retrofit is to repair an already failed 
pavement, this target infiltration can be lower than the original design infiltration, around 
5-10 in/hour depending on the site. A retrofit technique must also be chosen. From the 
results of this thesis, the recommended cut depth is two inches past breakthrough. 
Once a technique is chosen, the infiltration of this technique should be measured 
using either the ring or box infiltration test. If the retrofit are fits within the confines of 
the infiltration ring described in ASTM C 1701, then it is recommended to use this 
method over the box infiltration. A simple calculation is then used to determine the 
number of retrofits, N, necessary to acheive the desired infiltration. If the retrofit 
infiltration was determined using the ring infiltration method, ASTM C 1701, Equation 
 4.1 is used. A is the affected area (in2) that requires retrofit, IRequired is the target 
infiltration (in/hour) for the area. ARing is the area of the infiltration ring, 113.1 in
2
, and 
IRetrofit is the infiltration (in/hour) determined from the ring test. 
 
  
           
               
 Equation  4.1 
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If the retrofit infiltration was measured using the box technique, Equation  4.2 can 
be used, where ABox is the area of the testing box, 3240 in
2
, IRetrofit is the infiltration 
(in/hour) determined from the box test, and the other variables are the same as Equation 
 4.1.  
  
           
              
 Equation  4.2 
 
If the retrofit technique selected was the linear cut method, Equation 4.3 can be 
used, where LRetrofit is the length of the cut when infiltration was tested, and L is the 
required length of cut for the entire retrofit area. 
  
           
              
           Equation  4.3 
 
Bay 15 was selected for example retrofit recommendations, shown in Example 
4.1 and Example 4.2. 
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Example 4.1: Bay 15 has a length of 106-ft 6-in, and a width of 13-ft 8-in, with an 
area of 1385ft
2
 (199440 in
2) of „pervious‟ concrete. A target infiltration 
of 5 in/hour was selected and a 6-in core retrofit technique cut two 
inches below breakthrough was selected having an average infiltration 
rate a 6-in core retrofit is 840 in/hour, determined with the ring 
infiltration method. Using Equation  4.1, the recommended number of 
6-in retrofits is 9, spaced every ten feet along the length of the bay, and 
placed at low points where possible. 
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Example 4.2: Bay 15 has a length of 106-ft 6-in, and a width of 13-ft 8-in, with an 
area of 1385ft
2
 (199440 in
2) of „pervious‟ concrete. A target 
infiltration of 5 in/hour was selected and a linear cut retrofit was 
selected, 2.5 inches below the pavement surface having an average 
infiltration rate for a single cut linear retrofit of 4.9 in/hour, determined 
with the box infiltration method. Using Equation 4.3, the 
recommended retrofit is a double cut spanning the length of the bay, 
with an additional cut at least half of the total length of the bay. 
  
           
              
           
 
          
   
    
           
  
    
                   
   
     
          
 
 
  
  80 
 
 
CHAPTER FIVE  
 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
Summary 
The goal of this research was to design, implement, and evaluate several retrofit 
solutions for sealed pervious concrete.  This was achieved by conducting a thorough 
literature review on existing retrofit techniques, creating a process for identifying 
candidate pavements and developing a method for evaluating each retrofit. 
In addition to ASTM C1701, the ring retrofit typically used, a box infiltration 
technique was developed that allowed for testing of larger areas. Correlation between 
ring and box data showed that the infiltration box was an accurate method, particularly at 
values typically observed in the field. The box infiltration was less effective at extremely 
high and extremely low values. 
Overall, a total of five retrofit techniques, with 29 unique iterations were 
evaluated. Retrofit techniques included partial depth core cuts, ranging from initial 
breakthrough of the sealed layer to two inches below the breakthrough point. Retrofit 
techniques also included the complete removal of a core, replacing it with washed No. 89 
stone and filter fabric to prevent clogging. Linear cut techniques consisted of partial 
depth cuts, which penetrated the breakthrough layer in various depths and quantities.  
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Conclusions 
 Based on the results of this research, the following conclusions regarding pervious 
concrete retrofit were made: 
 Sealing is a problem in the pervious concrete at the test location, from both 
the visual inspections and the vertical porosity distribution. Sealed pavements 
have at least one layer that water cannot penetrate, and are otherwise pervious. 
This sealing is likely the result of improper construction methods and typical 
maintenance procedures such as pressure washing to remove sediment from 
the surface voids cannot fix a sealed pavement. 
 The retrofits introduced in this study were effective at increasing the 
permeability of a sealed pervious concrete. Equation  4.1 and Equation 4.3 can 
be used to determine the quantity of retrofits needed to achieve a target 
infiltration rate. To get the maximum benefit from each retrofit, it is 
recommended to cut at least two inches below the breakthrough depth. 
 These retrofit solutions do not solve the problem of clogging. If there is 
uncontrolled sediment flow into the pavement, it will continue to clog voids 
and prevent the pavement from performing. 
 The 6-in core retrofit technique performed better than the others tested. The 
spinning bit of the core drill removed concrete dust from the pavement as it 
was cut and the 6-in core retrofit had a large affected area and opened more 
voids than the 2, 3, and 4-in retrofits.  
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 Because the existing pavement remains in place, and the reservoir layer and 
pervious layers of the concrete are still used, this retrofit technique is 
considerably more cost effective than current remove and replace techniques.  
 There was a lot of variability in the pavement, particularly in porosity, sealed 
layers, and depth. If a multitude of retrofits are applied to the pavement, a 
majority of properly draining retrofits will compensate for a few that clog or 
are sealed below the cut depth. 
Recommendations 
Upon an evaluation of the findings and conclusions of this research, there are 
several recommendations that have been made for both the practical application of the 
findings and for future research. 
Practical Applications 
 Fully investigate the construction practices that lead to this type of surface 
sealing, and establish appropriate QA/QC techniques. It is recommended to 
require that a contractor be NRMCA certified for placing pervious concrete.   
 The developed procedure can be used to retrofit failed pervious concrete 
pavements, at both the test location included in this study and other sites, as an 
alternative to current remove and replace practices. 
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Future Research 
 Evaluating the linear cut retrofit with a larger saw, up to 2-in past 
breakthrough depth. 
 Use an entire bay to evaluate the effectiveness of these retrofits on a large 
scale, using the recommended designs from Chapter 4. 
 Identify additional sites that have failed due to similar surface sealing, and 
investigate the applicability of these retrofit techniques on those sites. 
 Investigate other methods of quantifying surface sealing, particularly using 
image processing on core photographs or scans to get a better vertical pore 
distribution. 
 Long term testing to determine if these cut retrofits have effects on the 
structural integrity of the pavement, and evaluate the cost of reduced 
pavement life against the benefit of improved drainage. 
 Evaluate the clogging potential of each retrofit technique, especially in 
locations where clogging contributed to the lack of infiltration. Investigate 
techniques such as flushing out the cuts to remove clogged material. 
 Investigate the long term functionality of these pavements, and their ability to 
properly drain water an extended period of time after being retrofitted. 
 Evaluate a retrofit technique that involves cutting infiltration trenches through 
the concrete, 2-3 inches wide and spanning the length of a parking bay, cut to 
varying depths. 
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 Evaluate a retrofit technique that involves removing the sealed layers of the 
pavement with diamond grinding, with cut depths varying between 
breakthrough and 2-in past breakthrough. Evaluating other methods that 
involve removing the surface layers of the concrete.  
 Evaluate remove and replace retrofit techniques, using core holes replaced 
with pervious concrete, as well as larger sections. 
 
  
  85 
 
 
 
 
 
 
 
 
 
 
 
APPENDICES 
  86 
 
Appendex A:  Core Photographs 
  
Core 1 – Top View Core 1 – Inside Slice 
  
Core 1 - Side View Core 1 - Side View 
 
 
Core 1 - Side View Core 1 - Side View 
Figure  A.1: Core 1 - Visual Inspection, 6 Views 
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Core 2 – Top View Core 2 – Inside Slice 
  
Core 2 - Side View Core 2 - Side View 
  
Core 2 - Side View Core 2 - Side View 
Figure  A.2: Core 2 - Visual Inspection, 6 Views 
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Core 3 – Top View Core 3 – Inside Slice 
  
Core 3 - Side View Core 3 - Side View 
  
Core 3 - Side View Core 3 - Side View 
Figure  A.3: Core 3  - Visual Inspection, 6 Views 
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Core 4 – Top View Core 4 – Inside Slice 
  
Core 4 - Side View Core 4 - Side View 
  
Core 4 - Side View Core 4 - Side View 
Figure  A.4: Core 4 - Visual Inspection, 6 Views 
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Core 5 – Top View Core 5 – Inside Slice 
  
Core 5 - Side View Core 5 - Side View 
  
Core 5 - Side View Core 5 - Side View 
Figure  A.5: Core 5 - Visual Inspection, 6 Views 
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Core 6 – Top View Core 6 – Inside Slice 
  
Core 6 - Side View Core 6 - Side View 
  
Core 6 - Side View Core 6 - Side View 
Figure  A.6: Core 6 - Visual Inspection, 6 Views 
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Core 7 – Top View Core 7 – Inside Slice 
  
Core 7 - Side View Core 7 - Side View 
  
Core 7 - Side View Core 7 - Side View 
Figure  A.7: Core 7 - Visual Inspection, 6 Views 
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Core 8 – Top View Core 8 – Inside Slice 
  
Core 8 - Side View Core 8 - Side View 
  
Core 8 - Side View Core 8 - Side View 
Figure  A.8: Core 8 - Visual Inspection, 6 Views 
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Core 9 – Top View Core 9 – Inside Slice 
  
Core 9 - Side View Core 9 - Side View 
  
Core 9 - Side View Core 9 - Side View 
Figure  A.9: Core 9 - Visual Inspection, 6 Views 
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Core 10 – Top View Core 10 – Inside Slice 
  
Core 10 - Side View Core 10 - Side View 
  
Core 10 - Side View Core 10 - Side View 
Figure  A.10: Core 10 - Visual Inspection, 6 Views 
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Core 11 – Top View Core 11 – Inside Slice 
  
Core 11 -  Side View Core 11 - Side View 
  
Core 11 - Side View Core 11- Side View 
Figure  A.11: Core 11 - Visual Inspection, 6 Views 
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Core 12 – Top View Core 12 – Inside Slice 
  
Core 12 - Side View Core 12 - Side View 
  
Core 12 - Side View Core 12 - Side View 
Figure  A.12: Core 12 - Visual Inspection, 6 Views 
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Core 13 – Top View Core 13 – Inside Slice 
  
Core 13 - Side View Core 13 - Side View 
  
Core 13 - Side View Core 13 - Side View 
Figure  A.13: Core 13 - Visual Inspection, 6 Views 
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Appendex B: Infiltration Data 
 
Table  B.1: Box Infiltration Data for Core Retrofits 
      Iteration Infiltration [in/hour] 
Parking Spot ID Run 1 2 3 4 5 
7 2 in 1 1.2 3.2 5. 1. 11.7 
7 2 in 2 1.4 2.9 5.5 9.7 12.6 
7 2 in 3 1.0 2.6 5.4 9.2 12.0 
7 2 in AVG 1.2 2.9 5.6 9.8 12.1 
7 2 in CVAR 0.14 0.09 0.05 0.07 0.03 
2 3 in 1 4.3 8.4 7.5 8.9 9.5 
2 3 in 2 3.6 7.8 8.2 8.3 7.8 
2 3 in 3 3.1 7.4 7.9 8.0 7.8 
2 3 in AVG 3.6 7.9 7.9 8.4 8.3 
2 3 in CVAR 0.16 0.06 0.04 0.05 0.12 
6 4 in 1 1.8 1.0 7.6 8.0 13.4 
6 4 in 2 1.6 2.8 2.0 7.7 12.8 
6 4 in 3 1.3 1.7 4.0 7.1 11.9 
6 4 in AVG 1.6 1.8 4.5 7.6 12.7 
6 4 in CVAR 0.16 0.47 0.62 0.06 0.06 
1 6 in 1 3.9 7.0 7.0 14.9 17.4 
1 6 in 2 2.5 6.4 6.2 13.4 14.5 
1 6 in 3 2.2 5.6 5.5 12.7 13.2 
1 6 in AVG 2.9 6.3 6.2 13.6 15.1 
1 6 in CVAR 0.32 0.11 0.12 0.08 0.14 
3 6 in 1 4.0 5.9 11.3 18.3 16.7 
3 6 in 2 2.1 4.2 8.7 17.1 16.9 
3 6 in 3 1.3 3.2 7.5 16.4 15.7 
3 6 in AVG 2.5 4.4 9.1 17.3 16.4 
3 6 in CVAR 0.55 0.32 0.21 0.06 0.04 
9 6 in 1 4.3 19.6 18.9 19.0 17.5 
9 6 in 2 4.7 18.7 18.7 19.0 18.4 
9 6 in 3 3.9 17.7 18.7 19.0 18.2 
9 6 in AVG 4.3 18.7 18.8 19.0 18.0 
9 6 in CVAR 0.09 0.05 0.01 0.00 0.03 
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Table  B.2: Box Infiltration Data for Linear Cut Retrofits 
    Iteration Infiltration [in/hour] 
Parking 
Spot 
Run 
1 2 3 4 5 6 7 8 9 
5 1 3.4 2.9 3.0 . . 12.8 . . 17.7 
5 2 2.6 2.3 1.9 . . 12.0 . . 16.7 
5 3 2.0 1.8 1.8 . . 11.7 . 
 
17.2 
5 AVG 2.7 2.4 2.2 . . 12.2 . . 17.2 
5 CVAR 0.3 0.2 0.3 . . 0.0 . . 0.0 
10 1 . . 11.1 . . 8.5 . . 11.2 
10 2 . . 8.2 . . 7.5 . . 8.2 
10 3 . . 7.8 . . 7.0 . . 7.2 
10 AVG . . 9.1 . . 7.7 . . 8.9 
10 CVAR . . 0.2 . . 0.1 . . 0.2 
11 1 3.3 4.5 4.4 4.0 5.3 6.1 12.1 12.1 11.9 
11 2 2.4 4.5 3.0 2.4 4.3 5.2 12.2 9.7 10.0 
11 3 2.2 3.9 2.5 1.7 4.0 5.0 12.0 8.6 9.3 
11 AVG 2.6 4.3 3.3 . . 5.5 . . 10.4 
11 CVAR 0.2 0.1 0.3 . . 0.1 . . 0.1 
 
 
  
  101 
 
 
Table  B.3: Ring Infiltration Data 
 
      Iteration Infiltration [in/hour] 
Parking 
Spot 
ID Run 
1 2 3 4 5 
7 2 in 1 7 94 208 441 441 
7 2 in 2 5 75 170 323 353 
7 2 in 3 5 71 159 297 329 
7 2 in AVG 6 80 179 354 374 
7 2 in CVAR 025 0.15 0.14 0.22 0.16 
2 3 in 1 96 288 227 250 341 
2 3 in 2 89 227 214 218 297 
2 3 in 3 89 199 220 213 258 
2 3 in AVG 91 238 221 227 299 
2 3 in CVAR 0.04 0.19 0.03 0.09 0.14 
6 4 in 1 5 20 30 258 441 
6 4 in 2 4 7 17 206 407 
6 4 in 3 2 2 10 201 451 
6 4 in AVG 4 10 19 222 433 
6 4 in CVAR 0.48 0.96 0.55 0.14 0.05 
1 6 in 1 9 242 416 576 681 
1 6 in 2 7 208 275 468 765 
1 6 in 3 3 192 188 451 781 
1 6 in AVG 6 214 293 499 742 
1 6 in CVAR 0.53 0.12 0.39 0.14 0.07 
3 6 in 1 6 300 535 937 833 
3 6 in 2 3 257 480 1171 1102 
3 6 in 3 2 163 390 1209 1135 
3 6 in AVG 4 240 469 1105 1023 
3 6 in CVAR 0.55 0.29 0.16 0.13 0.16 
9 6 in 1 60 624 749 1070 833 
9 6 in 2 25 543 814 914 1135 
9 6 in 3 21 426 749 814 914 
9 6 in AVG 36 531 771 933 961 
9 6 in CVAR 0.60 0.19 0.05 0.14 0.16 
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Appendex C: Porosity Data 
Table  C.1: Porosity Data for Core Slices 
ID Depth Bulk Specific Gravity 
Apparent Specific 
Gravity 
Porosity 
(%) 
Core 1 Top Inch 2.027 2.405 15.7 
Core 1 2nd Inch 2.048 2.522 18.8 
Core 1 3rd Inch 1.940 2.524 23.1 
Core 1 4th Inc 1.907 2.552 25.3 
Core 1 5th Inch 1.862 2.571 27.6 
Core 2 Top Inch 1.965 2.541 22.7 
Core 2 2nd Inch 1.972 2.368 16.7 
Core 2 3rd Inch 1.682 2.430 30.8 
Core 2 4th Inch 1.651 2.464 33.0 
Core 3 Top Inch 1.736 2.323 25.3 
Core 3 2nd Inch 1.567 2.371 33.9 
Core 3 3rd Inch 1.543 2.418 36.2 
Core 3 4th Inch 1.697 2.406 29.4 
Core 4 Top Inch 1.951 2.358 17.3 
Core 4 2nd Inch 1.983 2.506 20.9 
Core 4 3rd Inch 1.894 2.514 24.7 
Core 4 4th Inch 1.877 2.538 26.0 
Core 4 5th Inch 1.854 2.515 26.3 
Core 5 Top Inch 2.032 2.537 19.9 
Core 5 2nd Inch 1.999 2.513 20.4 
Core 5 3rd Inch 1.960 2.538 22.8 
Core 5 4th Inch 1.807 2.557 29.4 
Core 6 Top Inch 1.972 2.436 19.0 
Core 6 2nd Inch 1.952 2.490 21.6 
Core 6 3rd Inch 1.846 2.438 24.3 
Core 6 4th Inch 1.840 2.530 27.3 
Core 6 5th Inch 1.838 2.400 23.4 
Core 7 Top Inch 1.922 2.332 17.6 
Core 7 2nd Inch 2.014 2.447 17.7 
Core 7 3rd Inch 1.901 2.457 22.7 
Core 7 4th Inch 1.816 2.429 25.2 
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ID Depth Bulk Specific Gravity 
Apparent Specific 
Gravity 
Porosity 
(%) 
Core 8 Top Inch 1.684 1.899 11.3 
Core 8 2nd Inch 1.673 2.332 28.3 
Core 8 3rd Inch 1.803 2.389 24.5 
Core 9 Top Inch 2.058 2.359 12.8 
Core 9 2nd Inch 2.076 2.510 17.3 
Core 9 3rd Inch 2.157 2.650 18.6 
Core 9 4th Inch 1.912 2.533 24.5 
Core 10 Top Inch 1.752 2.317 24.4 
Core 10 2nd Inch 1.927 2.497 22.8 
Core 10 3rd Inch 1.817 2.453 25.9 
Core 10 4th Inch 1.711 2.450 30.2 
Core 10 5th Inch 1.831 2.544 28.0 
Core 11 Top Inch 2.000 2.531 21.0 
Core 11 2nd Inch 1.976 2.373 16.7 
Core 11 3rd Inch 1.902 2.528 24.8 
Core 11 4th Inch 1.828 2.358 22.4 
Core 12 Top Inch 1.964 2.477 20.7 
Core 12 2nd Inch 1.843 2.555 27.9 
Core 12 3rd Inch 1.864 2.654 29.7 
Core 12 4th Inch 1.984 2.569 22.8 
Core 12 5th Inch 2.083 2.475 15.9 
Core 12 6th Inch 2.028 2.621 22.6 
Core 13 Top Inch 1.962 2.695 27.2 
Core 13 2nd Inch 1.541 2.523 38.9 
Core 13 3rd Inch 1.870 2.661 29.7 
Core 13 4th Inch 1.714 2.723 37.0 
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